We used the mechanically controllable break junction technique to discriminate between the electric field and temperature effects in the process of surface modification. The electric field strength at the surface of electrodes was accurately determined using the field emission resonance spectra and was gradually raised to the point where surface modification starts. We found that only a limited number of metals with large values of the work function, տ4.5-5 eV, and evaporation fields, Շ1.5-2 V/Å, can be modified in this way. Adsorption of He on the surface drastically increases the local work function of material and enables the field induced nanostructuring of the electrode surface practically for all metals.
I. INTRODUCTION
In a standard operational mode of scanning tunneling microscopes (STM) the interaction between the tip and the sample under investigation is presumed to be negligibly small. 1 However, this interaction cannot be ignored at close electrode separations and/or high bias voltages applied across the vacuum gap. Since the invention of STM numerous attempts were made to employ the tip-sample interaction as a tool for fabrication of nanostructures and controlled modification of the sample surface. 2 In the majority of cases short voltage pulses with an amplitude of up to 10 V were used to produce different types of structures on an originally smooth surface (see Refs. 3 and 4 and references therein). Two different physical mechanisms were suggested to explain the experimental data. The first mechanism views the electric field induced effects-such as field desorption (evaporation) and field-enhanced surface diffusion of atoms-as the main reason of nanostructuring. [4] [5] [6] [7] The second mechanism assumes formation of a direct mechanical contact 8, 9 at a certain stage of the modification process as a result of thermal expansion of the tip 10 or field induced surface deformation of the electrodes. 11 It is extremely difficult to discriminate between these field and temperature effects, especially in experiments with voltage pulses. This is because these effects are closely interconnected as the local overheating of the sample surface is an inseparable part of the modification process and occurs on approximately the same time scale. Not surprisingly, it was claimed in Ref. 3 that the modification mechanisms proposed so far "are not the physical mechanisms underlaying the structure formation."
In this paper we attempt to resolve the above issue by exploiting the advantages of the mechanically controllable break junction (MCBJ) technique and by using a fresh approach to the problem that is based on the following considerations.
(i) In most cases the surface modification experiments concentrated on finding the threshold amplitude of voltage pulses for initiation of the nanostructuring process. However, the crucial parameter of the process is the electric field strength F at the electrode surfaces. This electric field can be accurately determined by measuring the field emission resonance (FER) spectra in the Fowler-Nordheim regime ͑eV ӷ ͒, where e is the electron charge, V is the bias voltage, and is the work function of material.
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(ii) At low temperatures the thermal effects are reduced due to the smallness of the linear expansion coefficient. In addition, the perceptible elongation of the electrodes occurs on a millisecond scale and is proportional to the square root of time, t 1/2 , because of the large values of the thermal diffusivity. 13 Therefore, the distance S between the electrodes of MCBJ can easily be controlled by a feedback circuit.
Finally, the experimental situation in our case is quasistationary, whereas modification with voltage pulses includes a number of ill-controllable transient processes.
(iii) We demonstrate that increasing the electric field above a critical value results in abrupt field evaporation/ desorption of a sizable amount of material of the MCBJ electrodes. Adsorption of He on the surface of electrodes increases dramatically the local work function of material and the field-related modification process occurs at an extremely small field emission current.
II. EXPERIMENT
Over the last decade the MCBJ technique was developed to a powerful tool for numerous applications and is described elsewhere.
14 In our current experiments we used a slightly modified version of the traditional sample mounting and present it in Fig. 1 neath the anchoring points of the sample wire. The righthand side piezo (moving in the plane normal to the picture) was used for two-dimensional scan of the electrode surface. The left-hand side piezo served for adjustment of the electrode separation when measuring the S͑V͒ dependencies. Also, the distance between the electrodes can be tuned by changing the substrate deflection. We found that this type of the sample mounting practically does not affect the junction stability. The electrode displacement ⌬S was calibrated very accurately using the FER spectra measured in vacuum as proposed in Ref. 12 . For piezoceramic in use (PXE 54) we found a conversion factor of 0.72± 0.02 Å / V at 4.2 K.
Pt, Au, and W wires with a diameter of 50-100 m as well as 25 m thick /300 m wide Dy foil were used as sample materials. This selection of metals covers the values from ϳ2.8 eV for Dy to ϳ5.5 eV for Pt. The break of the notched samples and subsequent measurements were performed in a cryogenic ultrahigh vacuum (UHV) environment or in a He exchange gas at 4.2 K. On some occasions, S͑V͒ dependencies were taken directly in liquid He in a temperature range of 1.2-4.2 K.
The electrode separation S as a function of the applied bias voltage V was measured in a constant current mode using a set of current-to-voltage converters with a gain ranging from 1 V / nA to 1 V / mA. Data were recorded with Keithley 2182 nanovoltmeters in a slow mode ͑5 -30 points/ s͒ and a voltage range from 1 V to 10 V. Simultaneously, an AT-MIO-16XE-50 National Instruments data acquisition board was used in a fast mode ͑20 000 points/ s͒ in a 0.01-10 V range for time resolved measurements. The exceptional stability of MCBJ permits us to recover accurate FER spectra by numerical differentiation of S͑V͒ dependencies with no lock-in techniques required. 15, 16 All our results presented below are based on a careful analysis of few hundreds of S͑V͒ curves obtained for five to six different samples of every metal.
III. RESULTS AND DISCUSSION

A. Electric field effects
The distance-voltage characteristics taken in a constant current mode depend primarily on the metal work function and the shape of the electrodes. Typical sets of S͑V͒ curves taken at different values of the current I = const, ranging from 100 pA to 1 A, are shown in Fig. 2 In the near-field emission regime ͑eV տ ͒ the electric field at the surface of both the emitter and collector electrodes is described by F e Ϸ F c Ϸ V / S. In the following we assume the negatively biased emitting electrode to be sharper than the collecting one in order to preserve the "tip-sample" analogy (MCBJ as STM). This discrimination can easily be done from S͑V͒ curves measured for both polarities. 17 The field on the apex of the emitter electrode is given by F e Ϸ F c ͑S + R͒ / R, 18 where R is the tip radius. Then
However, the radius of curvature of the emitting electrode is not constant in most cases (especially for ductile metals) which results in a more complex behavior of distancevoltage characteristics. For example, S͑V͒ curves for Au and Dy can be approximated by Eq.
(1) only in a limited range ͑Շ7 nm͒ of electrode separations [ Fig. 2(a) ]. Rapid increase in S͑V͒ for Au above 25 V is related to the relatively small radius and corrugation at the scale ഛ10 nm of the surface of the electrodes. 16, 18 In contrast, the effective radius of the Pt and W electrodes exceeds few hundred nanometers and makes the situation close to two-dimensional [ Fig. 2(b) ].
The electric field strength at the surface of electrodes can be found from the difference V 21 respectively. The shift of the peaks to a higher voltage as well as the increase of the separation between two neighboring peaks for an increasing field emission current are clearly observed. Taking into account that the eigenstates of the asymmetric triangle potential are expressed as
, n = 1,2, ... , ͑2͒
and substituting the interval E 2 − E 1 by V 21 one can find the electric field strength. In this range of bias voltages (electrode separations) it is approximately the same for both electrodes. The inset in Fig. 2(a) shows the electric field strength at the surface of the Dy and Au electrodes as a function of the field emission current calculated from the relation
where F e,c is in eV/ Å and indices e and c, respectively, refer to the emitter and collector electrodes. The electric field strength is proportional to ln I and increases nearly by a factor of 2 as the current I increases from 100 pA to 1 A. Calculation of the first eigenstate E 1 using F e [Eq. (2)] allows us to find the zero energy level E 0 = V 1 − E 1 . In the case of Au, E 0 Ӎ 5.2 eV which is in good agreement with the work function of gold. In the case of gold MCBJ an increase of the feedback (field emission) current up to Ϸ3-5 A eventually results in the threshold field that initiates the field-induced surface modification process. It should be noted, however, that at this current level the dissipated power reaches 10 −4 W and the thermal effects become unavoidable. At a separation of about 3.5 Å between the electrodes and a bias voltage of 5 V the current density reaches 10 8 A/cm 2 . The overheating of the surface layer within the inelastic mean free path of hot electrons (estimated to range from 1 to 10 nm) can be on the order of a few hundred degrees. 20 However, the temperature of the electrode's bulk remains much lower and ensures the overall stability of the contact. Although the temperature of the electrode surface might be of a crucial significance for the initiation of field evaporation, we found no indications that a direct contact between the electrodes is formed on a time scale up to 10 s (cutoff frequency of our current-tovoltage converter).
A typical set of S͑V͒ curves for the evaporation field measurements of Au is presented in Fig. 4 . These distancevoltage dependencies were measured for field emission currents from 1 to 3 A with a step of 0.5 A. For the sake of clarity only three such curves are shown in Fig. 4 . The curve for I =3 A demonstrates an abrupt increase of the distance ⌬S between the electrodes of Ϸ3.5 nm around a bias voltage of 3 V. (In Fig. 4 it looks like a sudden decrease in distance due to reaction of a feedback circuit reestablishing a designated current value). The value of F e found from the FER spectrum of S͑V͒ for I = 2.5 A was Ӎ1.6 V / Å. We found that the interval of electric field strength at which field evaporation of gold occurred was always between 1.5 and 1.7 eV/ Å. This scattering of data is explained by the irregular shape of the Au electrodes and, therefore, the difference between the actual F e,c and the calculated one. The corresponding range of bias voltages was restricted to 3 -4.5 V (shadowed part in Fig. 4) . In general, ⌬S was found to be mostly in an interval of 0.5-10 nm.
The value of the evaporation field in our experiments is very close to that calculated for gold, 21 but approximately three to four times larger than F c found in modification ex- periments with voltage pulses. 5, 6, 22 At the same time, we observed the surface modification process in the bias voltage interval which practically coincides with the threshold voltage found for gold in earlier experiments. This discrepancy (an apparently lower field, the same bias voltage) can be explained in the following way: The tip-sample separation in experiments with voltage pulses decreases due to thermal expansion of the electrodes. As a consequence, the actual electric field strength is higher than estimated for the initial tip position. It should be noted that, once started, the process of electrode thermal expansion gradually takes on an avalanchelike character. Therefore, the outcome of the applied voltage pulse-field evaporation of metal or direct mechanical contact-depends on the competition between the two processes and is determined by a number of parameters, including pulse amplitude and its duration, the initial electrode separation, their shape, geometrical dimension, work function of material, etc.
The value of F for a given emission current is determined by the work function of the electrode, F ϰ 3/2 . Therefore, at the same emission current F is essentially larger for such metals as gold (benchmark material in the surface modification experiments) with Ӎ 5.3 eV than for, e.g., Dy with Ӎ 2.8 eV [see inset in Fig. 2(a) ]. Therefore, a sufficiently high electric field strength ͑ജ1 V/Å͒ can be reached at acceptable power dissipation only for metals with large work function. In addition, to clearly observe the field induced effects the evaporation field must be sufficiently low. Although for Pt the work function Ӎ 5.5 eV, it is difficult to observe the field induced modification process as the evaporation field for this metal is about 3 V / Å. 21 In order to reach this field, the emission current should be ӷ10 A. Then, the temperature effects start to dominate the junction behavior (see Sec. III B).
In our earlier work 23 we found that physical adsorption of He on surfaces drastically (by almost a factor of 2) increases the work function of all metals investigated so far. A similar result was reported in Ref. 24 where the interatomic distance d in a single-atom gold chains was calibrated. In He exchange gas the authors found d equal to 3.6 Å, whereas UHV measurements resulted in the theoretically predicted 2.5 Å. This disagreement can be explained by assuming an increase in work function of Au due to He adsorbtion by a factor of 1.8. We used this effect to enhance the electric field strength in our MCBJ experiments. In Fig. 5 our results for tungsten are presented. Modification of a He covered surface occurs at extremely low emission currents ranging from 1 to 100 pA. Typically, the power dissipated in electrodes is less than 10 −6 W and the thermal effects are vanishingly small. Depending on the metal and the field emission current S͑V͒ curves start to exhibit a nonmonotonic behavior at V b Ӎ 10-15 V. A further increase of the bias voltage results in visible jumps of the interelectrode separation at V b ജ 25 V and, finally, in an apparent decrease of the distance between the electrodes. Reversing the direction of the voltage scan and arriving at the starting V b , we observed a shift of the S͑V͒ dependence down on the distance scale by few tens of nanometers. This distance is four orders of magnitude larger than the expected electrode drift and indicates a decrease of the electrode length. Moreover, the linear part of the S͑V͒ curves becomes less steep (dashed lines in Fig. 5 ) due to an increase of the electrode radius (blunting of the electrode surface).
To explain the above phenomena we propose the following model. At the first stage of the modification process, adsorbed He is removed from the electrode surface. At the second stage, the field evaporation/desorption of metallic atom(s) occur from the "bare" part of the surface. Finally, adsorption of He from the gaseous or liquid phase (or surface diffusion of He) restores the initial conditions. In a range of bias voltages between 10 and 25 V the main mechanism behind He desorption is electron-stimulated field desorption (by electron impact adatoms are ionized and instantly field desorbed). This effect can be clearly observed at higher field emission currents as the required incoming electron rate must be տ10 5 e / s. At bias voltages above 25 V desorption of helium atoms occurs also as a result of a field ionization. 25 It should be noted that in electric field of 3 -4 V / Å the adsorption potential of He remains very shallow ͑Ӎ5-10 meV͒. 26 For even larger voltages He atoms can be temporarily removed from a sizable part of the surface. The work function of the bare metal is significantly lower than that of a He-covered surface. This leads to an abrupt increase of the emission current and forces the feedback system to retract the electrodes [spikes in the S͑V͒ characteristics (Fig.  5) ]. The intensity of the modification process increases with increasing V b , resulting in field evaporation of ever larger portions of the electrodes. For extremely large bias voltages, V b տ 35 V, the amount of the field evaporated material is so large that the feedback system cannot be corrected for it and the electrodes are out of reach. Surface modification in gaseous He [ (Fig. 5(a) ] is faster than in liquid He [ (Fig. 5(b) ] as the desorbed He atoms are replaced faster from the liquid phase. In superfluid He we observed additional moderation of this modification process.
Although the model proposed above provides only a very simplified picture, it explains the main experimental observations. Additionally, some direct analogies with physical processes in a field ion microscope (FIM) can be traced down. In those FIM experiments an auxiliary gas (e.g., H 2 ) with a low ionization energy was used as a source of electrons. It was also shown 27 that desorption of He atoms occurs primarily from the protruding parts of the surface. This explains the "blunting" of the electrode surface.
We note here that observation of FER spectra for He-covered metallic surfaces is rather challenging. For the specific case of He covered W (discussed above) we found a work function of roughly 7.5 eV and an electric field strength of 1.2-1.4 V / Å. This field is significantly lower (by about a factor of 2) than that calculated in Ref. 21 . However, it is not quite clear to us to what extent the use of Eq. (2) in our analysis of He-covered surfaces is justified (see also Sec. III B). 28 We found that all metals investigated in our experiments, including Dy with an extremely low work function, can be modified in a He environment. The modification process can be controlled carefully by adjustment of the emission current, the voltage scan rate, and the He pressure.
B. Temperature effects
For materials with high evaporation fields measured in UHV the increase of the field emission current eventually results in conditions where temperature starts to play a crucial role. It is possible to accurately trace this transition in W-MCBJ. Because of a high melting point and strong bonds between tungsten atoms the measurement is still possible, despite the fact that the power dissipated in the electrodes reaches values as high as 10 −3 W. At the same time, we were not able to obtain field values exceeding 1.2-1.3 V / Å even for an emission current of 100 A. (Note that in a He environment we were able to reach such fields at current seven to eight orders of magnitude smaller.) For these high current levels the thermal elongation of the electrodes ⌬S͑T͒ is on the same order of magnitude as the bias related part of the S͑V͒ dependence. Elevated electrode temperatures result in an instability of the FER spectrum-original spectral peaks are smeared and spurious peaks that are related to the irregular thermal motion of the electrode surfaces appear.
We measured thermal expansion of the electrodes in a constant voltage mode by scanning the tunnel/emission current and observing the feedback reaction. For that we assumed that the distance between the anchoring points remains unchanged in the course of the experiment. In Fig. 6 four S͑I͒ curves for fixed bias voltages of 1 and 7 V [ Fig.  6(a) ] and 15 and 25 V [ Fig. 6(b) ] are presented. For small current values the feedback pushes the electrodes together as the current is increased [inset in Fig. 6(b) ]. However, for larger currents thermal expansion of the electrodes starts to dominate and forces the feedback to retract [see inset in Fig.  6(a) ]. The S͑I͒ curves in Fig. 6(a) demonstrate a linear dependence of the electrode elongation on the emission current or, equivalently, on the dissipated power. The estimated overheating of the electrode's bulk, which is derived from an elongation of Ӎ1.5 nm, does not exceed 100 K. However, the temperature of the surface layer with a thickness on the order of the electron inelastic mean free path can reach more than 1000 K. 20 The curves in Fig. 6 (b) exhibit a sharp transition to a nonlinear behavior of the electrode elongation and show a pronounced hysteresis. We attribute this effect to abrupt changes of the heat removal conditions at elevated temperatures (e.g., the temperature-dependent heat conductivity of hard epoxy and piezoceramic plates can exhibit some anomalies).
We performed additional time resolved measurements of the elongation of the tungsten electrode. To this end we switched the field emission current from 0.1 to 70 A and measured the time-dependent electrode retraction. A typical ⌬S͑t͒ dependence taken for a bias voltage of 10 V is presented in Fig. 7 . The data below Ϸ0.5 ms should be disregarded because of the transient processes in the feedback circuit. For longer times, the electrode elongation is proportional to t 1/2 . This dependence has a different slope during the initial stage up to 10 ms and in the interval from ϳ15 to 300 ms. The later stage corresponds to a slower heating rate of the unglued part of the electrode due to heat dissipation via the electrical leads and anchoring points to the massive bending beam. The overall behavior of ⌬S͑t͒ dependence is very similar to our earlier measurements of the electrode elongation in the tunnel regime, 13 although at the present level of the dissipated power overheating of the electrode is one order of magnitude higher. Larger values of thermal conductivity and linear thermal expansion coefficient at higher temperatures (our present experiment versus Ref. 13 ) result in an electrode elongation almost two orders of magnitude larger and on a shorter time scale.
IV. CONCLUSIONS
In conclusion, we presented our experiments on surface modification in MCBJ. By using advantages of this technique, primarily the intrinsic junction stability, we could separate the electric field induced effects from those caused by the rising temperature. Clear observation of field evaporation/desorption in both the tunnel and near-field emission regimes is possible only for a limited number of metals with large work functions and/or sufficiently low evaporation fields. A twofold increase of the work function by adsorbed He enabled us to control the modification of all metallic surfaces studied so far. The model proposed here includes field desorption of He followed by immediate desorption/evaporation of metallic atoms. Finally, the exceptional properties of tungsten permitted us to study its thermal expansion on a nanometer scale for extremely high emission currents.
